Crambin, a hydrophobic plant seed protein that exhibits sequence homology to membrane-active plant toxins, was incorporated into phospholipid vesicles. Circular dichroism spectroscopy indicates that its structure in vesicles is nearly identical to its structure in 60% ethanol solution, the solvent from which the protein was crystallized. The secondary structure predicted from the circular dichroism data of the ethanol solution closely resembles that determined by x-ray diffraction of the crystals. This agreement suggests that the xray structure may form a useful basis for modeling the structure and behavior of lipophilic plant toxins. Finally, because the structure of crambin has been determined in an organic solvent medium, it provides a protein standard for examination of the effect of solvent dipole moment on the circular dichroism spectra of proteins, which may be important for interpretation of data for membrane proteins.
The hydrophobic plant protein crambin is isolated from an aqueous acetone extract of delipidated plant seed (1) . The protein is insoluble in water but dissolves in ethanol. Crystals prepared from a 60% ethanol solution diffract to 0.88 A (2), the highest resolution of any protein known to date. The amino acid sequence (3) and crystal structure (4) indicate that crambin contains amphipathic helices, which may be an important structural feature in some lipid-associated proteins. This amphipathic character-i.e., segregation of charged and hydrophobic amino acids on opposite sides of an a helix-is seen in the structure of the lytic polypeptide melittin (5) and has been postulated for the apoprotein of high-density lipoproteins (6) .
The function of crambin is unknown, but it does exhibit extensive sequence homology with a family of membraneactive plant toxins (3, 7, 8 )-e.g., viscotoxin and purothionin. Preliminary model building studies (9) suggest that, de- spite the fact that the toxins are basic and crambin is neutral, the structure of the toxins could contain a similar amphipathic helix. The toxins are also hydrophobic and are isolated from cereal grain in complex with lipid (10) . However, it is not clear if this association with lipids is found in vivo or if it is an artifact of the petroleum ether isolation procedure. The efficiency of toxin extraction is increased if hexaploid wheat lipids are added to rye (11) . A tight association with lipid would be expected for molecules that act by lysing cell membranes. Although crambin does not exhibit similar lytic activity, its sequence and solubility properties suggest that it too might form complexes with lipid molecules. In this study, sedimentation experiments of lipid vesicles formed in the presence of crambin do indeed demonstrate that crambin can complex with lipids.
High-resolution structural details of the protein crambin are known from the crystals grown in ethanol. If the same structure exists in vesicles as in ethanol, it would provide a detailed view of protein structure as found in a membrane bilayer. However, the structures of polypeptides in organic solvents do not necessarily correspond to their structures in vesicles. It has been shown recently that the conformation of the ion-channel gramicidin in crystals formed from ethanol is totally unlike its structure in lipid vesicles (12, 13) . Hence, CD spectroscopy has been used to determine (i) if the conformation of crambin in 60% ethanol solution resembles its conformation in phospholipid vesicles and (it) how these relate to the structure in the crystals prepared from the ethanol solution.
MATERIALS AND METHODS
Crambin was obtained from C. H. Van Etten as a recrystallized aqueous-acetone extract from defatted seed meal of the plant Crambe abyssinica (2) . Amino acid analysis indicated it was 99% pure. Phospholipids were obtained from Calbiochem. All reagents and solvents used were of reagent grade or better.
For CD studies, protein concentrations were estimated from the extinction coefficient determined for a 50% ethanol solution, E277g = 0.79 M-1cmm1 (unpublished results). Vesicle samples were solubilized with 0.4% NaDodSO4 prior to measuring their absorbance. For sedimentation studies, the relative protein concentrations in the gradient fractions were determined by Lowry assay in the presence of 0.1% NaDod-SO4, with bovine serum albumin as a standard (14) . Lipid concentrations were determined by a modified Fiske-Subbarow phosphate assay method (15) .
Small unilamellar vesicles were prepared as described (16) from dried-down solutions that initially contained 2.1 mg of dimyristoyl phosphatidylcholine and 0.084 mg of crambin in 5 ml of CHC13. The sample was hydrated at 60°C with 0.5 ml of deionized water. The vesicle suspension was sonicated to clarity with a Soniprep 150 ultrasonicator microprobe using 6-to 10-sec bursts at =30°C. The resulting suspension was centrifuged at 12,800 x g for 6 min. The supernatant contained small unilamellar vesicles. Because protein and lipid are not recovered with the same efficiency, the mole ratio of lipid to protein in the final vesicle preparation was 143 + 15.
CD spectra were recorded at 21°C on a Cary 60 spectropolarimeter fitted with a model 6001 attachment and a variable position detector. For most experiments, the photomultiplier was placed adjacent to the sample to maximize the light-acceptance angle (900). To assess the extent of differential light scattering, the specimen-to-detector distance (i.e., the acceptance angle) was varied (17) . The wavelength range scanned was 300-190 nm at a scan speed of 5 nm/min and with a time constant of 3 sec. The instrument was calibrated with (+)-10-camphorsulfonic acid at 290 nm. At least three spectra of each sample were collected and averaged. Base lines of either solvent or vesicles without protein were subtracted from each respective sample to yield the contribution Abbreviation: NRMSD, normalized standard deviation.
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of the protein component. To estimate the correction for absorption flattening effects in the vesicle samples (18, 19) , we measured absorption spectra (400-190 nm) of the vesicles before and after solubilization in 0.4% NaDodSO4, using a Cary 15 recording spectrophotometer with the CD cell (0.5-mm path length) placed closest to the detector. Estimates of secondary structure were calculated by a linear least-squares method (18) using a data base for helices, sheets, turns, and random coils derived from water-soluble proteins (20) .
Data points at 2-nm intervals between 190 and 240 nm were used for the analyses. A normalized standard deviation (NRMSD) for each curve fitting was expressed as:
where Oexp and Ocal were the experimental and calculated mean residue ellipticities, respectively, and N was the number of data points used (18) . In the calculations, the average number of residues per helical segment was set at eight to correspond to the results found by x-ray diffraction (4). The least-squares fit constrained the fraction of each secondary structure to be positive but did not require that the sum of the fractions be unity. The results were normalized to 100% by multiplying each fraction by a factor equal to the inverse sum of the fractions. It can be shown mathematically and experimentally (18, 21) that this treatment compensates for any errors in concentration but does not change the relative proportions of secondary structural types calculated. The necessity for the concentration correction may arise from the variation in extinction coefficient of the protein with the solvent. In this case, the value used was obtained for ethanol, which may not be applicable for NaDodSO4-solubilized vesicles.
A measure of the difference between the structure determined by CD and that determined by x-rays (AF) is expressed as:
where fC and fx are the fractions of secondary structure derived from the calculated CD data and the x-ray structure (based on X, qi angles) respectively, and where n refers to each secondary structure type (helix, sheet, turn, and coil).
Density gradient centrifugation of 300-,ul samples onto 12-20% sucrose was carried out as described (22) (Fig. 1 , peak centered at fraction 7), although not all of the vesicles had protein bound (peak centered at fraction 11).
Thus, crambin formed a reasonably tight complex with the lipid molecules, which was not dissociated by the low ionic strength conditions of the gradient. Therefore, the molecule, Because none of the protein in the sample was found to be unassociated with vesicles (see above), the only peptide signal that would be detected in unfractionated specimens would be from the vesicle-bound form. Ethanol solution and vesicle samples could be directly compared (Fig. 2) because light scattering and absorption flattening effects from the vesicles were negligible (see above). The spectra obtained were identical within the precision of the measurements, differing at most by 5%. This is an indication that the net average backbone conformation of the molecules in the two environments is the same. Of course, because the spectra obtained are merely a sum of the secondary structures, these results could also have been obtained for two different conformations that happened to have the same net amount of each secondary structure; this is an unlikely possibility.
Finally, it should be recognized that the spectra could arise from a mixture of the conformers; if this were so, it would seem that the same mixture of conformers would be present in the two solvent systems. larizability of the aqueous solvent results in more destabilization of the excited state, which usually has a larger dipole moment.
Thus, the crambin data in ethanol might be expected to be blue-shifted when compared to the reference data set, which was derived from aqueous-soluble proteins. To test if this were the case, the protein CD data collected was shifted by 1-nm increments in the positive and negative directions and compared to the calculated best fit; a better fit of the calculated data to actual data (lower NRMSD) would be expected as the wavelength approached the value equal to the solventinduced shift. Upon doing so, we found that a +3-nm shift gave the best fit to the data (Fig. 3) , which is consistent with a solvent polarizability effect.
Crambin Conformation in 60% Ethanol Solution Is Very Similar to That in Crystals. In order to utilize the structural information from the crystals, one must have some idea if the crystals represent the structure in solution. This can be examined by comparing the secondary structure calculated from the CD data of the ethanol solution with that determined by x-ray diffraction of the crystals (Table 1) . Using the best fit of the CD data to the calculated secondary structure (lowest NRMSD), one can compare these values with the x-ray results by the statistical parameter AF. It appears that the same wavelength shift that gives the lowest NRMSD is also the same value that gives the best fit to the crystal data (Fig. 3) .
The correspondence between the crystal and solution conformations (Table 1) is very good, and compares favorably with the correspondences for aqueous-soluble globular proteins. The differences detected can be ascribed largely to uncertainties in the methods. First of all, the appropriateness of the CD reference data set must be considered. The fractional composition of secondary structure types was determined by using least-squares fitting of the experimental CD spectrum to a reference set of CD spectra obtained from aqueous-soluble proteins of known secondary structure. The analysis assumes that the optical activity in the wavelength range of 190-240 nm is predominantly due to peptide transitions, with negligible contribution from aromatic amino acids. This condition is met for crambin, which has a low aromatic amino acid content (ref. 3 ; one phenylalanine and one tyrosine). The accuracy of the analysis depends on the applicability of the reference data set (24) , which could potentially be a problem as it compares a hydrophobic protein with aqueoussoluble proteins. However (12, 13) , which adopts very different conformations in organic solvents and vesicles. The larger size and more compact, disulfide-crosslinked globular structure of the crambin molecule may account for its enhanced stability as it is transferred between these environments. CD spectroscopy also suggests that the crambin x-ray structure, determined for crystals prepared from 60% ethanol, is closely related to the average structure in the ethanol solution. This suggests two points: (i) crystal packing forces do not grossly distort the secondary structures at the interfaces between these small proteins, and (ii) there exists one major conformation in ethanol solution, rather than a mixture of several significantly different conformers. The differences observed between the CD-and x-ray-detected structures are within the limits of measurement and the interpretations of the methods.
Because the protein conformation in the crystal is essentially the same as in the 60% ethanol solution and the ethanol solution and vesicle spectra are nearly identical, this work indicates that the crambin crystal structure could be related to the average conformation the molecule adopts in membranes. Furthermore, it suggests that crambin may be useful as a model protein for folding studies and spectroscopic standards in hydrophobic environments because its structure is known to such high resolution.
